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Resource Conservation Service, and the U.S. Army Corps of 
Engineers for select streams to maintain consistency in flood 
frequency values in the State of Indiana (Indiana Department 
of Natural Resources, 2016). In addition, the coordinated dis-
charge values can be obtained on StreamStats (http://stream-
stats.usgs.gov/indiana.html; U.S. Geological Survey, 2016d). 

Creation of Flood-Inundation Map 
Library

The USGS has standardized the procedures for creating 
flood-inundation maps for flood-prone communities (U.S. 
Geological Survey, 2016c) so that the process and products 
are consistent regardless of which USGS office is responsible 
for the work. Tasks specific to development of the flood maps 
for Elkhart, Ind., were as follows: (1) operation of the Elkhart 
streamgage and collection of streamflow data on the St. Joseph 
River (table 1); (2) collection of topographic and bathymet-
ric data for selected cross sections and geometric data for 
structures and bridges along the study reach; (3) estimation 
of energy-loss factors (roughness coefficients) in the stream 
channel and flood plain and determination of steady-flow data; 
(4) computation of water-surface profiles using the U.S. Army 
Corps of Engineers’ Hydrologic Engineering Centers River 
Analysis System (HEC–RAS) computer program (U.S. Army 
Corps of Engineers, 2010a, 2010b); (5) production of esti-
mated flood-inundation maps at various stream stages using 
the U.S. Army Corps of Engineers’ Hydrologic Engineering 
Centers Geospatial River Analysis System (HEC–GeoRAS) 
computer program (U.S. Army Corps of Engineers, 2012) and 
GIS; and (6) preparation of the maps, as shapefile polygons 
that depict the areal extent of flood inundation and as depth 
grids that provide the depth of floodwaters, for display on a 
USGS flood-inundation mapping application.

Computation of Water-Surface Profiles

The water-surface profiles used to produce the six 
flood-inundation maps in this study were computed using 
HEC–RAS, version 4.1.0 (U.S. Army Corps of Engineers, 
2010a, 2010b). The HEC–RAS model is a one-dimensional 
step-backwater model for simulation of water-surface profiles 
with steady-state (gradually varied) or unsteady-state flow 
computation options. 

Hydrologic Data
The study reach includes USGS streamgage 04101000, 

St. Joseph River at Elkhart, Ind. (fig. 1; table 1), which has 
been in operation since August 1947. Water level (stage) is 
measured every 15 minutes, transmitted hourly by a satellite 
antenna at the streamgage, and made available on the Internet 
through the USGS National Water Information System (U.S. 
Geological Survey, 2016b). Stage data from this streamgage 
are referenced to a local datum but can be converted to water-
surface elevations referenced to the North American Vertical 
Datum of 1988 (NAVD 88) by adding 699.55 ft. Continuous 
records of streamflow are computed from a stage-discharge 
relation, which has been developed for the streamgage, and 
are available through the USGS National Water Information 
System Web site (https://waterdata.usgs.gov/nwis). 

The flows used in the model simulations (table 3) were 
taken from the current stage-discharge relation for streamgage 
04101000 (number 11.0, effective June 14, 2002) and cor-
responded with the target stages. Because no major tributar-
ies join the St. Joseph River in the 6.6-mi modeled reach, 
the flows from the stage-discharge relation were used for the 
complete reach for each water-surface profile (table 3).

 Topographic and Bathymetric Data

All topographic data used in this study are referenced 
vertically to NAVD 88 and horizontally to the North American 
Datum of 1983. Cross-section elevation data were obtained 
from a digital elevation model (DEM) that was derived from 
light detection and ranging (lidar) data that were collected 
as part of a statewide project during 2011–13 by Woolpert, 
Inc., Geospatial Services, Dayton, Ohio (Woolpert, Inc., 
2011). The lidar data for Elkhart County were collected in 
2011. The DEM was obtained from the Indiana Spatial Data 
Portal (Indiana University, 2013). The original lidar data have 
horizontal resolution of 4.9 ft and vertical accuracy of 0.98 ft 
at a 95 percent confidence level based on a root mean squared 
error of 0.49 ft for the “open terrain” land-cover category. By 
these criteria, the lidar data support production of 2-ft contours 
(Dewberry, 2012); the final DEM, which was resampled to a 
grid-cell size of 10 ft by 10 ft to decrease the GIS processing 
time, has a vertical accuracy of plus or minus 1 ft. The HEC–
GeoRAS program, version 10.2, is a set of procedures, tools, 
and utilities for processing geospatial data in ArcGIS and was 
used to extract elevation data from the DEM for 84 cross sec-
tions and subsequently input to the HEC–RAS model. The  

Table 2.  Coordinated discharges for selected annual exceedance probabilities for the St. Joseph River at Elkhart, Indiana.

[mi2, square mile; ft3/s, cubic foot per second; USGS, U.S. Geological Survey; data from Federal Emergency Management Agency, 2011d]

Location on the St. Joseph River
Drainage area

(mi2)

Estimated coordinated discharges (ft3/s) for indicated annual exceedance  
probabilities, in percent

10 2 1 0.2
At USGS streamgage number 04101000 3,370 14,700 19,400 21,500 25,700

http://streamstats.usgs.gov/indiana.html
http://streamstats.usgs.gov/indiana.html
https://waterdata.usgs.gov/nwis
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proximity to the channel. Differences between simulated and 
observed water-surface elevations for the six simulated flows 
at the USGS streamgage were equal to or less than 0.35 ft 
(table 4). Differences between simulated water-surface eleva-
tions and surveyed high-water marks in the study reach for  
the flood of March 21, 1982, were equal to or less than  
1.08 ft (table 4). The March 21, 1982, high-water mark data 
were collected for an event that reached a stage of 27.91 ft 
at the USGS streamgage. The high-water mark data were 
obtained from the Indiana Department of Natural Resources 
and have been noted as preliminary data, not reviewed for 
accuracy. The high-water mark data were originally surveyed 
in the National Geodetic Vertical Datum of 1929; therefore, 
to compare the data to modeled water-surface elevations 
in NAVD 88, the high-water mark data were converted to 
NAVD 88 elevations (table 5) using a -0.40 ft correction from 
the VERTCON utility (National Geodetic Survey, 2016). 
The high-water marks are designated as river mile distance 
upstream from the mouth of the St. Joseph River. The simu-
lated water-surface elevations indicate that the model is 
capable of computing accurate water levels over a wide range 
of flows in the study reach. The datasets and model input used 
in this study are available through a data release at https://doi.
org/10.5066/F7QZ2836 (Martin, 2017).

Development of Water-Surface Profiles
The calibrated hydraulic model was used to gener-

ate water-surface profiles for six stages at 1.0-ft intervals 
between 23 and 28 ft as referenced to the local datum of 
USGS streamgage 04101000, St. Joseph River at Elkhart, Ind. 
These stages correspond to elevations of 722.55 and 727.55 ft, 
NAVD 88, respectively. Discharges corresponding to the 
various stages were obtained from the current stage-discharge 
relation (USGS rating no. 11.0, June 14, 2002) (table 3) for 
USGS streamgage 04101000, St. Joseph River at Elkhart, Ind.

Development of Flood-Inundation Maps

Flood-inundation maps were created for a reach of the 
St. Joseph River at Elkhart, Ind. The maps were created in a 
GIS by combining the six water-surface profiles and DEM 
data. The DEM data were derived from the same lidar data 
described in the “Topographic and Bathymetric Data” section 
and, therefore, have an estimated vertical accuracy of plus or 
minus 1 ft. In addition, the mesh elevation data were merged 
with the lidar DEM data to provide a reasonable estimate of 
the stream bathymetry. In a few locations, hydro-flattened, 
water-surface DEM data were assigned lower elevation values 
to calculate depth grids for inundated areas of the stream. Esti-
mated flood-inundation boundaries for each simulated profile 
were developed with HEC–GeoRAS software (U.S. Army 
Corps of Engineers, 2012), which allows the preparation of 
geometric data for import into HEC–RAS and processes simu-
lation results exported from HEC–RAS (U.S. Army Corps 
of Engineers, 2010a, 2010b). Shapefile polygons and depth 
grids of the inundated areas for each profile were modified, as 
required, in the ArcMap application of ArcGIS (Esri, 2016) 
to ensure a hydraulically reasonable transition of the flood 
boundaries between modeled cross sections. 

Any inundated areas that were detached from the main 
channel were examined to identify subsurface hydraulic con-
nections with the main river, such as through culverts under 
roadways. Where such connections existed, the mapped 
inundated areas were retained in their respective flood maps; 
otherwise, the erroneously delineated parts of the flood extent 
were deleted. The flood-inundation areas are overlaid on 
high-resolution, georeferenced, aerial photographs of the study 
area. Bridge surfaces are displayed as inundated regardless 
of the actual water-surface elevation in relation to the lowest 
structural chord of the bridge or the bridge deck. Estimates of 
water depth can be obtained from the depth-grid data that are 
included with the presentation of the flood maps on an interac-
tive USGS mapping application described in the “Flood-Inun-
dation Map Delivery” section. The flood map corresponding to 
the highest simulated water-surface profile, a stage of 28.0 ft, 
is shown in figure 2.

Flood-Inundation Map Delivery
A Flood Inundation Mapping Science Web site (http://

wimcloud.usgs.gov/apps/FIM/FloodInundationMapper.html) 
has been established to make USGS flood-inundation study 
information available to the public (U.S. Geological Survey, 
2016c). The Web site links to a mapping application that pres-
ents map libraries and provides detailed information on flood 
extents and depths for modeled sites. The mapping application 
enables the production of customized flood-inundation maps 
from the map library for the St. Joseph River at Elkhart, Ind. 
A link on this Web site connects to the USGS National Water 
Information System (U.S. Geological Survey, 2016a), which 
presents the current stage and streamflow at USGS streamgage 

Table 4.  Calibration of hydraulic model to target water-surface 
elevations at U.S. Geological Survey streamgage 04101000, St. 
Joseph River at Elkhart, Indiana.

[ft, foot; NAVD 88, North American Vertical Datum of 1988]

Stage of water-
surface profile 

(ft)

Target 
water-surface 
elevation (ft, 

NAVD 88)

Modeled 
water-surface 
elevation  (ft, 

NAVD 88)

Difference 
in elevation 

(ft)

23.0 722.55 722.90 0.35
24.0 723.55 723.86 0.31
25.0 724.55 724.85 0.30
26.0 725.55 725.80 0.25
27.0 726.55 726.79 0.24
28.0 727.55 727.73 0.18

https://doi.org/10.5066/F7QZ2836
https://doi.org/10.5066/F7QZ2836
http://wimcloud.usgs.gov/apps/FIM/FloodInundationMapper.html
http://wimcloud.usgs.gov/apps/FIM/FloodInundationMapper.html
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04101000, St. Joseph River at Elkhart, Ind., to which the 
inundation maps are referenced. A second link connects to the 
NWS AHPS site (National Weather Service, 2016a) so that 
the user can obtain applicable information on forecasted peak 
stage. The estimated flood-inundation maps are displayed in 
sufficient detail so that preparations for flooding and decisions 
for emergency response can be performed efficiently. Depend-
ing on the flood magnitude, roadways are shown as shaded 
(inundated and likely impassable) or not shaded (dry and 
passable) to facilitate emergency planning and use. Bridges 
are shaded—that is, shown as inundated—regardless of the 
flood magnitude. A shaded building should not be interpreted 
to mean that the structure is completely submerged; rather that 
bare earth surfaces in the vicinity of the building are inun-
dated. In these instances, the water depth (as indicated in the 
mapping application by holding the cursor over an inundated 
area) near the building would be an estimate of the water level 
inside the structure, unless flood-proofing measures had been 
implemented.

Disclaimer for Flood-Inundation Maps
The flood-inundation maps should not be used for navi-

gation, regulatory, permitting, or other legal purposes. The 
USGS provides these maps “as is” for a quick reference, emer-
gency planning tool but assumes no legal liability or responsi-
bility resulting from the use of this information.

Uncertainties and Limitations Regarding Use of 
Flood-Inundation Maps 

Although the flood-inundation maps represent the bound-
aries of inundated areas with a distinct line, some uncertainty 
is associated with these maps. The flood boundaries shown 
were estimated on the basis of water stages and streamflows 
at selected USGS streamgages. Water-surface elevations 
along the stream reaches were estimated by steady-state 
hydraulic modeling, by assuming unobstructed flow, and 
by using streamflows and hydrologic conditions anticipated 
at the USGS streamgage. The hydraulic model reflects the 
land-cover characteristics and any bridge, dam, levee, or 
other hydraulic structures existing as of May 2012. Unique 
meteorological factors (timing and distribution of precipita-
tion) may cause actual streamflows along the modeled reach 
to vary from those assumed during a flood, which may lead 
to deviations in the water-surface elevations and inundation 
boundaries shown. Additional areas may be flooded because 
of unanticipated conditions such as changes in the streambed 
elevation or roughness, backwater into major tributaries along 
a main stem river, backwater from localized debris or ice jams, 
or backwater into storm sewers and detention basins. The 
accuracy of the floodwater extent portrayed on these maps will 
vary with the accuracy of the DEM used to simulate the land 
surface. 

If this series of flood-inundation maps will be used in 
conjunction with NWS river forecasts, the user should be 

Table 5.  Calibration of hydraulic model to high-water mark elevations at selected locations along the 
St. Joseph River for the flood of March 1982.

[HWM, high-water mark; mi, mile; ft, foot; NAVD 88, North American Vertical Datum of 1988]

HWM point 
number1

River mile upstream 
from mouth of the  

St. Joseph River (mi)

Surveyed water-
surface elevation  

(ft, NAVD 88)

Modeled water-
surface elevation  

(ft, NAVD 88)

Difference in  
elevtion (ft)

1 76.505 726.86 727.51 0.65
2 76.479 726.82 727.24 0.42
3 76.456 727.38 727.24 -0.14
4 76.026 725.96 725.76 -0.20
5 76.023 725.86 725.76 -0.10
6 75.741 724.66 724.84 0.18
7 74.605 722.15 722.17 0.02
8 74.601 722.08 722.17 0.09
9 74.565 721.58 722.04 0.46

10 74.556 721.60 722.04 0.44
11 73.680 720.41 719.44 -0.97
12 73.680 720.41 719.44 -0.97
13 73.680 720.52 719.44 -1.08
14 73.676 719.96 719.44 -0.52

1Indiana Department of Natural Resources high-water marks (noted as preliminary data) for the flood of March 21, 
1982.
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aware of additional uncertainties that may be inherent or fac-
tored into NWS forecast procedures. The NWS uses forecast 
models to estimate the quantity and timing of water flowing 
through selected stream reaches in the United States. These 
forecast models (1) estimate the amount of runoff generated 
by precipitation and snowmelt, (2) simulate the movement of 
floodwater as it flows downstream, and (3) predict the flow 
and stage (and water-surface elevation) for the stream at a 
given location (AHPS forecast point) throughout the forecast 
period (every 6 hours and 3 to 5 days out in many locations). 
For more information on AHPS forecasts, see: http://water.
weather.gov/ahps/pcpn_and_river_forecasting.pdf.

An additional source of uncertainty is the potential effect 
of regulation on the St. Joseph River. The operation of two 
dams could produce unsteady-flow or backwater conditions, or 
both, that have not been accounted for in the hydraulic model-
ing. The two dams are the Elkhart hydroelectric dam, which is 
0.5 miles upstream from the study reach, and the Twin Branch 
hydroelectric dam, which is 5.0 miles downstream from the 
study reach (not shown). These flood-inundation maps were 
developed using steady-state flow conditions and streamflow 
conditions anticipated at the USGS streamgage, 04101000.

Summary
A series of six digital flood-inundation maps were 

developed in cooperation with the Indiana Office of Com-
munity and Rural Affairs for U.S. Geological Survey (USGS) 
streamgage 04101000, St. Joseph River at Elkhart, Indiana. 
The maps cover a reach approximately 6.6 miles long from 
0.1 miles upstream from Main Street to 3.8 miles downstream 
from the Nappanee Street or State Road 19 bridge. The maps 
were developed by using the U.S. Army Corps of Engineers’ 
HEC–RAS and HEC–GeoRAS programs to compute water-
surface profiles and to delineate estimated flood-inundation 
areas and depths of flooding for selected stream stages. The 
HEC–RAS hydraulic model was calibrated to the current 
stage-discharge relation at USGS streamgage 04101000, 
St. Joseph River at Elkhart, Ind., and to the flood of March 
21, 1982. The model was used to compute six water-surface 
profiles for flood stages at 1-foot (ft) intervals referenced 
to the streamgage datum and ranging from 23.0 ft or the 
National Weather Service “action stage” to 28.0 ft, which is 
the highest stage interval of the current USGS stage-discharge 
rating curve and 1 ft higher than the National Weather Service 
“major flood stage.” The simulated water-surface profiles were 
then combined with a Geographic Information System digital 
elevation model derived from light detection and ranging data 
to delineate estimated flood-inundation areas as shapefile poly-
gons and depth grids for each profile. These flood-inundation 
polygons were overlaid on high-resolution, georeferenced 
aerial photographs of the study area. The flood maps are avail-
able through a mapping application that can be accessed on the 

USGS Flood Inundation Mapping Science Web site (https://
water.usgs.gov/osw/flood_inundation).

Interactive use of the maps on this mapping application 
can give users a general indication of depth of water at any 
point by using the mouse cursor to click within the shaded 
areas. These maps, in conjunction with the real-time stage 
data from USGS streamgage 04101000, St. Joseph River at 
Elkhart, Ind., and forecasted flood stage data from the National 
Weather Service Advanced Hydrologic Prediction Service will 
help to guide the general public in taking individual safety pre-
cautions and will provide emergency management personnel 
with a tool to efficiently manage emergency flood operations 
and post-flood recovery efforts.
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